Transient neurophysioare not fully understood. Glutamate excitotoxicity was suglogical changes in CA3 neurons and dentate granule cells after gested as a potential mediator of postischemic cell injury severe forebrain ischemia in vivo. J. Neurophysiol. 80: 2860-(Choi and Rothman 1990; Rothman and Olney 1986). How-2869How- , 1998. The spontaneous activities, evoked synaptic responses, ever, the electrophysiological evidence for hyperactivity in and membrane properties of CA3 pyramidal neurons and dentate hippocampus after ischemia remains controversial. By using granule cells in rat hippocampus were compared before ischemia extracellular recording technique, some studies showed an and°7 days after reperfusion with intracellular recording and 2860 0022-3077/98 $5.00
increase (Chang et al. 1989; Suzuki et al. 1983 ), whereas staining techniques in vivo. A four-vessel occlusion method was others showed a decrease (Buzsaki et al. 1989 ; Furukawa used to induce Ç14 min of ischemic depolarization. No significant et al. 1990; Imon et al. 1991) in neuronal firing rate in CA1 change in spontaneous firing rate was observed in both cell types after reperfusion. The amplitude and slope of excitatory postsynap-area after ischemia. Recently, it has been shown in an in tic potentials (EPSPs) in CA3 neurons decreased to 50% of control vivo preparation that the spontaneous firing rate of CA1 values during the first 12 h reperfusion and returned to preischemic pyramidal neurons reduced after severe forebrain ischemia, levels 24 h after reperfusion. The amplitude and slope of EPSPs and the excitability in most of the CA1 neurons progressively in granule cells slightly decreased 24-36 h after reperfusion. The decreased (Gao et al. 1998a,b) . In contrast, the synaptic amplitude of inhibitory postsynaptic potentials in CA3 neurons transmission in neurons with decreased excitability was entransiently increased 24 h after reperfusion, whereas that in granule hanced for ú12 h after reperfusion (Gao and Xu 1996 ; Gao cells showed a transient decrease 24-36 h after reperfusion. The et al. 1998a) . Because most of the CA1 neurons will die duration of spike width of CA3 and granule cells became longer after such severe ischemia (Ren and Xu 1995) , these electrothan that of control values during the first 12 h reperfusion. The physiological changes were closely associated with the spike threshold of both cell types significantly increased 24-36 h after reperfusion, whereas the frequency of repetitive firing evoked mechanisms of postischemic neuronal injury. On the other by depolarizing current pulse was decreased during this period. No hand, no enhancement in synaptic transmission was observed significant change in rheobase and input resistance was observed in CA1 neurons after a 5-min sublethal ischemia; the firing in CA3 neurons. A transient increase in rheobase and a transient rate and neuronal excitability only transiently depressed in decrease in input resistance were detected in granule cells 24-36 these neurons Pulsinelli 1994, 1996) . The results h after reperfusion. The amplitude of fast afterhyperpolarization in from these studies suggested that the enhancement of synapboth cell types increased for 2 days after ischemia and returned to tic transmission rather than the increase of neuronal firing normal values 7 days after reperfusion. The results from this study rate may play an important role in the pathogenesis of postindicate that the neuronal excitability and synaptic transmission ischemic cell death. in CA3 and granule cells are transiently suppressed after severe If the electrophysiological changes observed in CA1 neuforebrain ischemia. The depression of synaptic transmission and rons after severe ischemia are indeed associated with mechaneuronal excitability may provide protection for neurons after ischemic insult. nisms of postischemic cell death, the electrophysiological responses of ischemia-resistant neurons, such as CA3 pyramidal neurons and dentate granule cells, should be different.
I N T R O D U C T I O N
An extracellular recording study in vivo showed that the activity of CA1 neurons in rat hippocampus was enhanced, The vulnerability of neurons to cerebral ischemia varies whereas the activity of CA3 neurons was suppressed after widely among different regions in the CNS (Graham 1992; transient ischemia (Chang et al. 1989 ). Other studies with in Pulsinelli 1985). Different neuronal populations within a vitro preparation have shown that polysynaptic synchronized brain region also show different susceptibility to ischemic bursts were readily evoked in CA3 neurons after brief anoxic insult. Studies have shown that CA1 pyramidal neurons in episodes (Ben-Ari and Cherubini 1988). The excitatory hippocampus die 3-7 days after transient forebrain ischpostsynaptic potentials (EPSPs) in CA3 neurons or granule emia, whereas CA3 neurons and dentate granule cells in the cells were more resistant to hypoxia or aglycemia than those same region remain viable (Kirino 1982; in CA1 region (Aitken and Schiff 1986; Balestrino et al. 1982) . The mechanisms of this selective neuronal damage 1989; Cherubini et al. 1989; Crepel et al. 1992; Kass and Lipton 1986 ). However, little information is available con-The costs of publication of this article were defrayed in part by the cerning whether these neurophysiological differences bepayment of page charges. The article must therefore be hereby marked tween CA1 and CA3 neurons after ischemia are related to ''advertisement'' in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. the susceptibility of these neurons. electrodes. A pair of bipolar stimulating electrodes was placed into To distinguish whether the electrophysiological changes the ipsilateral perforant pathway at a 25Њ angle to the vertical (AP in CA1 neurons after severe ischemia are associated with 1.5 mm, ML 1.5-2.5 mm, DV 4.0 mm) and was used to deliver mechanisms of postischemic cell death or just the common constant current pulses of 0.1-ms duration at various intensities. responses to ischemic stress, it is important to reveal the Recording electrodes were pulled from glass capillaries with filaelectrophysiological changes in ischemia-resistant neurons ments to a tip resistance of 50-80 MV when filled with a solution under the same severe ischemic condition. To address this of 3% neurobiotin (Vector) in 2 M potassium acetate. Cerebral question, we examined the spontaneous activities, evoked spinal fluid was drained via a cisternal puncture to reduce brain synaptic potentials, and membrane properties of CA3 pyrapulsation. The animal was suspended by a clamp applied to the midal neurons and dentate granule cells after severe transient tail. After placement of a microelectrode in the cortex above the hippocampus for recording, the exposed surface of the brain was ischemia with intracellular recording and staining techniques covered with soft paraffin wax. After impalement, the neurons with in vivo. A preliminary report of this study appeared in abstable membrane potential of at least 050 mV were selected for stract form (Gao and Xu 1997) .
further study. Data were digitized and stored with Macintosh computer with data acquisition program Axodata (Axon Instruments).
M E T H O D S
Analysis of variance (ANOVA, Fisher's PLSD) was used for statistical analysis (Statview, Abacus Concepts).
Transient forebrain ischemia
After each successful recording, neurobiotin was iontophoresed into the cell by passing depolarizing current pulse (2 Hz, 300 ms, Male adult Wistar rats (250-350 g, Charles River) were used. Transient forebrain ischemia was induced with the four-vessel oc-0.5-1 nA) for 10 min. At the end of the experiment, the animal was deeply anesthetized and perfused transcardially with 0.01 M clusion method (Pulsinelli and Brierley 1979) with some modifications. The animals were fasted overnight to provide uniform phosphate-buffered saline (PBS) followed by 4% paraformaldehyde. The brain was removed and stored in fixative overnight. blood glucose levels. For surgical preparation the animals were anesthetized with 1-2% halothane mixed with 33% O 2 -66% N 2 . Coronal sections were cut at 50-mm thickness with a vibratome and incubated in 0.1% horseradish perioxidase-conjugated avidin-The arterial PO 2 was maintained at Ç120 mmHg, and the PCO 2 was maintained at 040 mmHg. An occluding device (a loop of D (Vector) in 0.01 M potassium PBS (KPBS, pH 7.4) with 0.5% Triton X-100 overnight at room temperature. After detection of silicone tubing) was placed loosely around each carotid artery. The animal was then placed on a stereotaxic frame, and the core body peroxidase activity with 3,3-diaminobenzidine (DAB), sections were examined in KBPS. Sections containing labeled neurons were temperature was maintained at 37ЊC through a temperature control unit (TC-120, Medical System). The vertebral arteries were elec-mounted on gelatin-coated slides and counterstained with cresyl violet for light microscopy. trocauterized. A small temperature probe (0.8 mm OD) was inserted beneath the skull in the extradural space after which brain R E S U L T S temperature was maintained at 37ЊC with a heating lamp. Severe forebrain ischemia was induced by occluding both common carotid
We used 62 animals, among which 19 were control aniarteries to induce ischemic depolarization for Ç14 min. mals and the rest were subjected to forebrain ischemia that resulted in ischemic depolarization of 13.9 { 0.6 min Recording of ischemic depolarization (mean { SD). The ischemia of such severity and duration consistently produced a widespread cell death in CA1 pyra-Extracellular DC potential in CA1 region was monitored during midal neurons of rat hippocampus (Ren and Xu 1995) . Figischemia . The recording microelectrodes were pulled from glass ure 1 is an example of hippocampus 7 days after ischemia.
capillaries with filaments (A-M system) to a tip resistance of Ç5 All CA1 pyramidal neurons died in this animal, but the CA3 M (when filled with 2 M NaCl. A burr hole was drilled at 4.0 mm neurons and granule cells remained intact. An intracellularly anterior to interaural line, 3.0 mm lateral from the midline. A microelectrode was inserted into the CA1 region of hippocampus stained CA3 pyramidal neuron was evident in this section. (Ç2.5 mm below brain surface). After the baseline recording, A total of 136 neurons were successfully stained after reforebrain ischemia was initiated by tightening the occluding device. cording; 69 were identified as CA3 pyramidal neurons, and Ischemic depolarization as indicated by DC potential shifting from 67 were granule cells. No degenerating signs were observed 0 to 020 mV occurred Ç2.5 min after occlusion. Occlusion of in these neurons at any time points after reperfusion. Examcarotid arteries was terminated at 12 min after the onset of ischemic ples of intracellularly stained CA3 and granule cells are depolarization. On releasing the common carotid arteries, cerebral presented in Fig. 2 . On the basis of stereotaxic parameters blood flow resumed immediately, and the DC potential gradually and electrophysiological characteristics of each cell type, 19 returned to 0 mV at Ç2 min. The duration of ischemic depolarizaunidentified neurons were considered CA3 cells, and 12 were tion was measured from the onset of negative deflection of DC considered granule cells and were included in this study. To potential to the point at which DC potential completely returned to preischemic levels after recirculation. Only the animals with ID investigate the time course of electrophysiological alterof Ç14 min were used for electrophysiological experiments. For ations after ischemia, neurons were grouped according to recordings ú12 h after reperfusion, animals were returned to the the time after reperfusion in which they were recorded: 0cage after reperfusion and allowed free access to water and food. 12 h (median: 6 h for CA3 cells, 4 h for granule cells); The animals were then reanesthetized and prepared for recording 12-24 h (median: 21 h for CA3 cells, 19 h for granule at different time points after reperfusion. cells); 24-36 h (median: 29 h for CA3 cells, 31 h for granule cells); 36-48 h (median: 43 h for CA3 cells, 44 h Intracellular recording and staining for granule cells); and 7 days. Preparation for intracellular recording and staining in vivo was Spontaneous activity and evoked potentials after ischemia performed as previously described (Xu 1995; Xu and Pulsinelli Compared with preischemic value, the spontaneous firing 1996). Briefly, under 1-2% halothane anesthesia, the skull was opened to expose the recording site and for placement of stimulus rate of CA3 neurons slightly decreased within 24-h reperfusion This is a coronal section counterstained with hematoxylin and eosin. A wide spread neuronal death was apparent in the CA1 region as shown in the insert at the top right corner with higher magnification. The pyramidal neurons in the CA3 region and the granule cells in the dentate gyrus were intact. A CA3 pyramidal neuron was intracellularly stained after recording (arrow).
for EPSPs in CA3 neurons slightly increased shortly after reperand that of granule cells also decreased 24-36 h after reperfufusion and then reduced to 50% of control value (P õ 0.05) sion. No statistical significance was detected in these changes.
Ç21 h after reperfusion. The threshold for EPSPs returned to The spontaneous firing rate of both cell types returned to control preischemic levels at Ç29 h after reperfusion ( Fig. 3F ). No levels 48 h after reperfusion (Tables 1 and 2) . significant difference in the duration and latency of EPSPs was The postsynaptic potentials were evoked from CA3 and granobserved in CA3 neurons after reperfusion. The amplitude of ule cells by stimulation of ipsilateral perforant pathway at 2.5 inhibitory postsynaptic potentials (IPSPs) in CA3 neurons was times the threshold stimulus intensity. The EPSPs were charac-04.70 { 2.10 mV (n Å 11) before ischemia and increased to terized by their amplitude, slope (measured from 10 to 90% of 06.97 { 3.02 at 21 h after reperfusion (n Å 10). No statistical the maximal amplitude), duration (measured at 50% of maximal significance was detected in this change. The amplitude of IPSPs amplitude), threshold, and latency. In CA3 neurons, the amplireturned to control levels at later time points. tude of EPSPs decreased to Ç50% of control value (P õ 0.01)
The amplitude of EPSPs evoked from granule cells slightly shortly after reperfusion but quickly returned to control levels reduced 19-31 h after reperfusion and returned to control levels Ç21 h after reperfusion (Fig. 3E) . The temporal profile of thereafter ( Fig. 4E ). No statistical significance was detected in postischemic change in EPSP slope exhibited a similar pattern as that of EPSP amplitude. The threshold of stimulus intensity these changes. Similar changes in the rising slope of EPSPs 
Values are means { SD with number of neurons in parentheses. Spike height is measured from the resting membrane potential. Spike width is measured at one-half of the peak amplitude of the action potential. Input resistance (R in ) is derived from the linear portion of the current-voltage curve (0 to 00.5 nA). Time constant is derived from transients of hyperpolarizing pulse (00.3 nA, 200 ms). RMP, resting membrane potential. * P õ 0.01, analysis of variance.
were observed in granule cells after reperfusion. The threshold 066 { 5.5 mV before ischemia to 061 { 6.1 mV ( P õ 0.01 ) , and the spike width was increased from 0.76 { of stimulus intensity for EPSPs in granule cells increased shortly after reperfusion and then returned to control values Ç19 h after 0.15 to 0.89 { 0.26 ms ( P õ 0.01 ) . Both properties returned to preischemic levels at later time points. A reperfusion (Fig. 4F ). No statistical significance was detected in these changes. The latency of EPSPs in granule cells transiently transient decrease in input resistance and time constant were also observed in CA3 neurons Ç6 h after reperfu-increased to 150% as control value (P õ 0.01) at Ç31 h after ischemia and returned to preischemic levels Ç44 h after reperfu-sion, but no statistical significance was detected. The current-voltage ( I-V ) relationship of CA3 cells was de-sion. In comparison with preischemic value, the duration of EPSPs in granule cells remained about the same after reperfu-termined by passing constant current pulses ( 200 ms, 01.0 to 0.5 nA, 0.1 nA / step ) and measured at the steady sion. The amplitude of IPSPs in granule cells was significantly decreased from 01.64 { 1.39 mV of control values (n Å 15) state of the transients ( 160 -180 ms after pulse onset ) from the averages of four recordings. As shown in Fig.  to 00.56 { 0.64 mV (n Å 15, P õ 0.05) and 00.47 { 0.99 5, no significant difference was observed in I-V relation-mV (n Å 10, P õ 0.05) at 19 and 31 h after reperfusion, ship at different intervals after reperfusion except the respectively. The IPSPs returned to control levels 44 h after transient reduction of I-V curve slope Ç6 h after reperfureperfusion. sion, indicating a decrease in membrane input resistance during this period.
Membrane property changes after ischemia
As presented in Table 2 , the resting membrane potential, The membrane properties of CA3 neurons before and spike height, and time constant of granule cells remained at different periods after ischemia are summarized in close to normal ranges after ischemia. However, a transient Table 1 . Within the first 12 h reperfusion, the resting change in spike width and input resistance of granule cells was detected after reperfusion. The spike width of granule membrane potential of CA3 neurons depolarized from (7) (7) (7) (7)
Values are means { SD with number of neurons in parentheses. Spike height is measured from the resting membrane potential. Spike width is measured at one-half of the peak amplitude of the action potential. Input resistance (R in ) is derived from the linear portion of the current-voltage curve (0 to 00.5 nA). Time constant is derived from transients of hyperpolarizing pulse (00.3 nA, 200 ms). RMP, resting membrane potential. * P õ 0.05. † P õ 0.01, analysis of variance. cells increased from 0.80 { 0.12 ms before ischemia to
The changes in neuronal excitability of CA3 and granule cells were evaluated by comparing the spike threshold and 0.92 { 0.16 ms Ç4 h after reperfusion (P õ 0.05) and then returned to control levels at later time points. The input rheobase before ischemia and at different intervals after reperfusion. The spike threshold was measured at the begin-resistance was 44.2 { 13.7 MV in control animals. This value remained unchanged during the first 24 h after reperfu-ning of the upstroke of the action potential, and the rheobase was determined as the minimal intensity of depolarizing cur-sion but significantly decreased to 26.3 MV at 31 h after reperfusion (P õ 0.01) and then gradually recovered to rent pulse to trigger an action potential. After reperfusion, the spike threshold of both cell types was unchanged within preischemic level. The I-V relationship of granule cells before and after ischemia was about the same except for a the first 24 h but significantly increased at Ç30 h (P õ 0.05) and then returned to control value (Fig. 7, A and C) , significant decrease in the slope of I-V curve at Ç31 h after reperfusion, indicating a transient reduction of input resis-indicating a transient decrease in neuronal excitability after ischemia. The rheobase of CA3 neurons slightly fluctuated tance (Fig. 6 ). A-D: recordings at different intervals after reperfusion. Membrane potential deflections from a neuron recorded 4 h after reperfusion was smaller (B) when compared with that of control neuron (A), and the neurons at later time points (C and D) displayed the similar size of membrane potential deflection as compared with that of control neurons. Top panels: membrane potential deflections caused by the current pulses. Bottom panels: intracellular applied current pulses. Each trace is the average of 4 recordings. Scales in D apply to all traces. E: I-V curves of CA3 neurons before and at different periods after reperfusion. The values of each point are the means. A transient decrease in the slope of I-V was apparent at Ç6 h after reperfusion, indicating an input resistance reduction during this period. after reperfusion but was not significantly different from the slowly returned to the preischemic value (Fig. 8, A and B) .
A similar transient decrease in spike frequency was also preischemic values (Fig. 7B ). The rheobase of granule cells, however, increased from 0.28 { 0.16 nA before ischemia found in granule cells, but it occurred 24-36 h after reperfusion (Fig. 8, C and D) . to 0.57 { 0.36 nA Ç31 h after reperfusion (P õ 0.01) and then gradually returned to 0.34 { 0.21 nA 7 days after
The postischemic changes of fast afterhyperpolarization ( fAHP) in CA3 and granule cells were also examined. The reperfusion (Fig. 7D) .
The changes in repetitive firing characteristics of CA3 and amplitude of fAHP was measured as deviation from the beginning of the upstroke of an action potential°5 ms after granule cells after ischemia were studied. Repetitive firing was induced by application of depolarizing current pulses the peak of a single spike. The amplitude of fAHP dramatically increased from Ç0.5 mV in control CA3 neurons to (400 ms, 0.3-1.6 nA). In control animals, the spike-frequency adaptation of the spike trains in CA3 neurons was Ç2 mV after reperfusion and remained at this level for 2 days (P õ 0.05). The amplitude of fAHP returned to control less obvious than that in granule cells, as indicated by the small difference in spike frequency between the first in-values 7 days after reperfusion (Fig. 9, A and B) . The amplitude of fAHP in control granule cells was much higher than terspike interval (ISI) and the second ISI (Fig. 8) . Within the first 24 h reperfusion, spike frequency of CA3 neurons that of CA3 neurons. After reperfusion, the amplitude of fAHP in granule cells showed a similar change as that of dramatically reduced at all current pulse levels and then FIG . 6. I-V relationship of granule neurons before and after ischemia. A-D, top panels: membrane potential deflections caused by the current pulses. Bottom panels: intracellular applied current pulses. Each trace is the average of 4 recordings. In comparison with the control neuron (A), membrane potential deflections from a neuron recorded 34 h after reperfusion became significantly smaller than that of control one, indicating the decrease of input resistance (C). E: I-V curves in granule neurons before ischemia and at different peri- CA3 neurons, but no statistical significance was detected cells after a severe transient ischemia in an in vivo preparaamong these changes (Fig. 9, C and D) . anisms associated with neuronal damage after transient cere-aptic transmission in CA3 and granule cells is well correlated with the decrease of membrane input resistance and time con-bral ischemia. stant after ischemia. However, in CA1 neurons, the neurons showing potentiation of synaptic transmission (L-PSP neurons) Synaptic transmission in ischemia-vulnerable and also exhibited a decrease of input resistance and time constant -resistant neurons after ischemia (Gao et al. 1998a,b) . Further studies are needed The changes of synaptic transmission in CA3 and granule to clarify this issue. cells after ischemia are significantly different from that of CA1
The previous studies indicated that the ischemia-vulnerneurons. It has been shown that synaptic transmission in CA3 or able and -resistant neurons displayed a completely differgranule cells was more resistant to hypoxia than CA1 neurons ent response to severe ischemia in terms of synaptic trans- (Aitken and Schiff 1986; Balestrino et al. 1989; Cherubini et mission: potentiation in CA1 neurons and suppression in al. 1989; Kass and Lipton 1986) . Previous studies with in vitro CA3 and granule cells. Because most of the CA1 neurons preparation reported a synaptic facilitation in CA1 area after die after such severe ischemia, it is conceivable that the hypoxia or ischemia (Crepel et al. 1993 ; Hori and Carpenter enhancement of synaptic transmission plays a role in post-1994; Urban et al. 1989) . Recent studies with in vivo preparaischemic cell death. On the other hand, the depression of tion have shown an enhancement of synaptic transmission in synaptic transmission may be associated with the mecha-CA1 neurons after severe transient ischemia (Gao and Xu nisms of survival after ischemia based on the observa-1996; Gao et al. 1998a) . A late-depolarizing postsynaptic potions: 1 ) the synaptic transmission was transiently suptential (L-PSP) was induced from Ç70% of CA1 neurons after pressed in CA3 neurons that survive the severe ischemia reperfusion (Gao and Xu 1996) . The amplitude and slope of as shown, and 2 ) the synaptic transmission was also traninitial EPSPs in these neurons significantly increased within siently suppressed in CA1 and CA3 neurons after a mild first 12 h reperfusion (Gao et al. 1998a ). In contrast, as shown sublethal ischemia ( Howard et al. 1998; Xu and Pulsinelli in this study, the amplitude and slope of EPSPs in CA3 neurons 1994 CA3 neurons , 1996 . If glutamate excitotoxicity plays a role in significantly decreased within first 12 h reperfusion, indicating pathogenesis of postischemic cell death, it probably acts a transient suppression of synaptic transmission. The amplitude on enhancement of synaptic transmission rather than inand slope of EPSPs in granule cells also decreased after ischcrease of neuronal firing rate. Further study is needed to emia but with less extent than CA3 neurons, suggesting that elucidate how enhancement of synaptic transmission after the granule cells are less sensitive to ischemic insult than CA3 ischemia induces neuronal damage. neurons. It is not clear that to what extent the changes of Membrane excitability in ischemia-vulnerable and synaptic transmission in hippocampal neurons after ischemia -resistant neurons are due to the changes of membrane properties (i.e., whether changes in synaptic transmission are due to the changes of The pattern of excitability change in CA3 and granule cells after severe transient ischemia is different from that postsynaptic component). In this study, the depression of syn-
